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JRDO LQ UHODWLYLVWLF ODVHUSODVPDSK\VLFV >@6R IDU DWWRVHFRQGVFLHQFHXVXDOO\ UHOLHVRQKLJKKDUPRQLFV IURPJDV
WDUJHW>@,QODVHUSODVPDLQWHUDFWLRQVKRUWOLJKWSXOVHJHQHUDWLRQLVQRUPDOO\DFFRPSDQLHGZLWKVKRUWHOHFWURQEHDPV
+DUPRQLFV IURP ODVHU VROLG LQWHUDFWLRQ PDNH XVH RI UHODWLYLVWLF G\QDPLFV RI VXUIDFH HOHFWURQ OD\HUV ZKLFK FDQ
JHQHUDWH PXFKEULJKWHU VRXUFHV >@7KHVHKDUPRQLF VRXUFHVXVXDO VKRZ WUDLQV SXOVHV LQ WLPHGRPDLQ DQG LVRODWH
VLQJOH VSLNHV FDQ EH REWDLQHG WKURXJK VSHFWUDO ILOWHULQJ 6LQJOH DWWRVHFRQG OLJKW SXOVH FDQ DOVR EH SURGXFHG IURP
UHODWLYLVWLFHOHFWURQVKHHWVH[WUDFWHG IURP WKLQ IRLOV7KHVH VKHHWVFDQEHXVHG IRUFRKHUHQWEDFNVFDWWHULQJRU VHOI
HPLWVLQJOHDWWRVHFRQGSXOVHV>@
,QWKLVSDSHUZHSUHVHQWDQHZSDWKIRUSURGXFLQJLQWHQVHDWWRVHFRQGVRXUFHIURPUHODWLYLVWLFODVHUZDNHILHOGVLQ
XQGHUGHQVH SODVPDV 8VXDOO\ ODVHU ZDNHILHOG DFFHOHUDWLRQ SURGXFHV IHPWRVHFRQG ORQJ HOHFWURQ EHDPV >@ ZKLFK
KDYHEHHQXVHGWRJHQHUDWHLQFRKHUHQWIHPWRVHFRQGEHWDWURQUDGLDWLRQVRU7KRPVRQ&RPSWRQVRXUFHV>@+HUHZH
VKRZWKDW WKLVSLFWXUHFKDQJHVGUDPDWLFDOO\ZKHQDQXOWUDWKLQRYHUFULWLFDOGHQVHHOHFWURQVKHHW LV LQMHFWHG LQWR WKH
ZDNHILHOG7KHLQMHFWHGVKHHWFRQWUDFWVLQWUDQVYHUVHGLUHFWLRQGXHWRUDGLDOZDNHILHOGVZKLOHERRVWHGLQHQHUJ\E\
ORQJLWXGLQDO ZDNH ILHOG DQG LV IRXQG WR HPLW D VWURQJ XQLSRODU DWWRVHFRQG HOHFWURPDJQHWLF SXOVH GXULQJ WKH
WUDQVYHUVH FRQWUDFWLRQ $V ZH VKDOO VHH WKLV FRKHUHQW DWWRVHFRQG EXUVW GLIIHUV LQ PDQ\ DVSHFWV IURP WKH EHWDWURQ
UDGLDWLRQVQRUPDOO\REWDLQHG>@
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,1-(&7,212)$7726(&21'(/(&75216+((76
:H ILUVW VKRZ KRZ WR LQMHFW D GHQVH HOHFWURQ VKHHW LQWR D ZDNHILHOG 9DULRXV FRQWUROOHG HOHFWURQ LQMHFWLRQ
VFKHPHV KDYH DFWXDOO\ EHHQ SURSRVHG IRU WKH JHQHUDWLRQ RI VWDEOH PRQRHQHUJHWLF HOHFWURQ EHDPV >@ +RZHYHU
XVXDOO\ WKHVH IHPWRVHFRQG S&FKDUJHG EHDPV DUH VWLOO FRQWLQXRXVO\ LQMHFWHG 2Q WKH RWKHU KDQG WKH GHQVLW\




IRU KLJK QRQOLQHDULWLHV 7KXV WKH GHQVLW\ ZDYH FUHVWV FDQ EH VWDEO\ FRPSUHVVHG LQWR KLJK GHQVLW\ VSLNHV ZLWKRXW
SUHPDWXUH LQMHFWLRQ 7KLV IUHH RI LQMHFWLRQ ILQDOO\ WHUPLQDWHV DV WKH ZDNH SURSDJDWHV WKURXJK WKH UDPS WR WKH













VDPSOH'SDUWLFOHLQFHOO 3,& VLPXODWLRQ >@ LVJLYHQ$ OLQHDUO\SRODUL]HG DORQJ]D[LV IV ODVHUSXOVHRI












WKHFHQWUDOD[LVDFFRUGLQJWR??? ??? ? ?? ?? +HUH??LVWKHQRUPDOL]HGWUDQVYHUVHYHORFLW\WDQGWKHIRFXVLQJILHOG??DUH UHVSHFWLYHO\ QRUPDOL]HG E\????DQG?? ? ????? ?? ZLWK HOHFWURQ PDVV?? HOHPHQWDU\ FKDUJH?DQG ODVHUIUHTXHQF\?? ? ??? ???  1HDU WKH FHQWHU D[LV WKH IRFXVLQJ ILHOG?? ? ??? LV DOPRVW OLQHDU LQ ERWK UDGLXV?DQGDPELHQW GHQVLW\??7UDSSHG HOHFWURQV WKXVSHUIRUP V\QFKURWURQOLNH PRWLRQ ZLWK FXUYDWXUH UDGLXV? ? ??? ????? DQG HPLW EURDG EDQG UDGLDWLRQ ZLWK FXWRII IUHTXHQF\?? ? ???????>@ 0HDQZKLOH WKHUH DUH D FRXSOH RI QHZIHDWXUHV ZKHQ FRPSDUHG ZLWK WKH EHWDWURQ UDGLDWLRQV )LUVW WKH KLJK GHQVLW\ RI WKH VKHHW W\SLFDOO\ JUHDWHU WKDQ????????HQDEOHVV\QFKURWURQUDGLDWLRQLQDFRKHUHQWPDQQHU&RKHUHQFHRFFXUVSURYLGHGWKDWDVXIILFLHQWO\ODUJH
QXPEHURIHOHFWURQVUHVLGHVLQDYROXPHZLWKDVFDOHOHQJWKHTXDOWRWKHUDGLDWLRQZDYHOHQJWKLQWKHUHVW IUDPHRI
HOHFWURQV)RUWKHSUHVHQWFDVHLWUHTXLUHVWKHVKHHWGHQVLW\WRVDWLVI\?? ? ???????????????ZKHUHUDGLDWLRQDWWKHFXWRIIZDYHOHQJWK?? ? ??? ??? LVDVVXPHG&RQVLGHULQJ??????WKLVFULWHULRQFDQEHUHDGLO\PHWHYHQIRU? ? ???6HFRQG GXH WR WKH D[LDO V\PPHWU\ DQG WKH LQZDUG DFFHOHUDWLRQ RI GLVN HOHFWURQV UDGLDOO\ SRODUL]HG KDOIF\FOH
HOHFWURPDJQHWLF SXOVHV DUH SURGXFHG 7KLUG ZLWK WKH LQFUHDVH RI?E\ ZDNHILHOG DFFHOHUDWLRQ WKH UDGLDWHG SRZHU
JURZV? ??  7KDW PHDQV WKH PDMRU HPLVVLRQ SURILOH LV URXJKO\ RYHUODSSHG ZLWK WKH VSDWLDO GLVWULEXWLRQ RI VKHHW
HOHFWURQVGXULQJ WKHDPSOLILFDWLRQDQGWKHUHE\QDWXUDOO\KDVDQDWWRVHFRQGGXUDWLRQ,W LV LQWHUHVWLQJWRQRWLFHWKDW
UDGLDOO\ SRODUL]HG KDOIF\FOH HPLVVLRQV KDYH UHFHQWO\ EHHQ REWDLQHG IURP WKLQ SKRWRFRQGXFWRUV >@ ZKHUH D











VWDJHV UDGLDWLRQ DPSOLILFDWLRQ GXULQJ LQLWLDO FRQWUDFWLRQ EHDP FURVVLQJ RQ D[LV DQG ILQDOO\ DQQXODU EHDP
SURSDJDWLRQ DORQJ D FRQH $W WKHSKDVHRIEHDPFURVVLQJ WKH HPLVVLRQV IRFXV WR D PD[LPXPRI????? ??? ? ???? ? ???? ?? LVWKHQRUPDOL]LQJILHOGFRUUHVSRQGLQJWRDSHDNLQWHQVLW\JUHDWHUWKDQ? ? ????? ???? DOPRVWWLPHVODUJHUWKDQWKHGULYLQJSXOVH$IWHUEHDPFURVVLQJRQD[LVHJ? ? ???? ?? ?? WKHDFWXDOSHDNILHOGVKRZVXS
DV????? ??? ? ???FRUUHVSRQGLQJWR??? ? ???? ?? ???? ,WWKHQVORZO\GHFD\VGXHWRGLIIUDFWLRQ)LJXUHEIXUWKHUVKRZVKRZWKH5+$SXOVHSURSDJDWHVDWODWHUWLPH'XHWRODVHUHYROXWLRQWKHLQLWLDOTXDVL
'ZDNHLVHYROYLQJLQWRDFRPSOH[EURNHQZDYHSDWWHUQ>@7KHKDOIF\FOHSXOVHDVVKRUWDVDV>VHH)LJF@
SURSDJDWHVLQVLGHWKHZDNHEXWGHYLDWHGIURPWKHFHQWHUD[LV7KHFRUUHVSRQGLQJVSDWLDOVSHFWUXPJLYHQLQ)LJG
VKRZVFOHDUO\WZREUDQFKHVHDFKZLWKDVPDOOGLYHUJHQFHDQGDEURDGEDQG;89VSHFWUXPH[WHQGLQJXSWR? ??? ???ZKHUH?? ? ?? ??? ,QWKLVVDPSOHFDVHWKHDQQXODUEHDPFDUULHVDWRWDOHQHUJ\RI???P-ZKLFKLVa? ? ????RIWKHLQFLGHQWODVHUHQHUJ\
040015-3
7KH 5+$ JHQHUDWLRQ LV LQVHQVLWLYH WR ILQLWH WKHUPDO WHPSHUDWXUHV 7KH HPLVVLRQ SURILOH KDUGO\ FKDQJHV ZKHQ













7KH EDVLF G\QDPLFV RI 5+$ JHQHUDWLRQ FDQ EH GHULYHG XVLQJ D VLPSOLILHG PRGHO ,W DVVXPHV WKDW D IODW
PRQRHQHUJHWLFHOHFWURQVKHHWRIGHOWDOLNHGHQVLW\SURILOH?? ? ??? ??? ?ZLWKILQLWHDUHDOGHQVLW\?? ? ?????DQGQRLQLWLDO WUDQVYHUVH PRPHQWXP LV LQMHFWHG LQWR D ZDNHILHOG RI XQLIRUP DFFHOHUDWLQJ DQG IRFXVLQJ ILHOGV &RKHUHQW
UDGLDWLRQ IURP WKH HOHFWURQ VKHHW LV WKHQ GHVFULEHG E\ WKH ' ZDYH HTXDWLRQ ??? ?? ?? ? ??? ?? ?? ??????? ???????? ????? ???? ZKHUH???? ? ?????????LV WKH UDGLDWLQJ FXUUHQW ZLWK???? ? ? ??????? WKH YHORFLW\ LQWHJUDWHG RYHU DVKRUWWUDQVYHUVHDFFHOHUDWLRQ7KHUDGLDWHGILHOG????FDQEHILUVWFDOFXODWHGLQWKHUHVWIUDPHRIWKHVKHHWZLWK/RUHQW]
IDFWRU???DQG WKHQ WUDQVIRUPHG EDFN WR WKH ODERUDWRU\ IUDPH7KH UHVXOW LV JLYHQE\???? ? ??? ??? ???????ZKHUH????? GHQRWHV WKH YHORFLW\???? LQ WKH UHVW IUDPH 7KLV LQGLFDWHV WKDW WKH UDGLDWHG SRZHU JURZV UDSLGO\ ZLWK WKH
HOHFWURQHQHUJ\ZKLFKIROORZVIURP?? ??? ? ??? ? ?? ? ?? ? ??7DNLQJLQWRDFFRXQWERWKWKHUDGLDWHGILHOGVDQG
WKH ZDNH ILHOGV WKH HQHUJ\ HTXDWLRQ FDQ EH UHZULWWHQ DV?? ??? ? ??? ???? ???????? ? ?? ? ??? ? ?? ? ??? ? ??








WUDQVLWLRQ 7KH HOHFWURQ VKHHW FRQWUDFWV LQ WUDQVYHUVH GLUHFWLRQ ZKLOH ERRVWHG LQ HQHUJ\ DQG LV IRXQG WR HPLW DQ








ZRUN ZDV VXSSRUWHG LQ SDUW E\ WKH 1DWLRQDO %DVLF 5HVHDUFK 3URJUDP RI &KLQD *UDQW 1R &%$ WKH
1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD *UDQW 1R   DQG  DQG WKH 0267


















 )</L =0 6KHQJ</LX -0H\HUWHU9HKQ:%0RUL:/X DQG -=KDQJ3K\V5HY/HWW 

 5)RQVHFDHWDO/HFWXUH1RWHVLQ&RPSXWHU6FLHQFH6SULQJHU%HUOLQ+HLGHOEHUJ
 )</L=06KHQJ0&KHQ//<X-0H\HUWHU9HKQ:%0RULDQG-=KDQJDU;LY
 76KLR]DZD&ODVVLFDO5HODWLYLVWLF(OHFWURG\QDPLFV6SULQJHU9HUODJ%HUOLQ+HLGHOEHUJSS
 ..DQ-<DQJ$2JDWD66DNDNLKDUD7.RQGRK.1RUL]DZD,1R]DZD77RLJDZD<<RVKLGD+
.LWDKDUD.7DNDQR0+DQJ\R5.XURGDDQG+7R\RNDZD$SS3K\V/HWW
 -;X%6KHQ;=KDQJ0:HQ/-L::DQJ<<XDQG.1DNDMLPD1HZ-3K\V
 $*57KRPDV63'0DQJOHV=1DMPXGLQ0&.DOX]D&'0XUSK\DQG..UXVKHOQLFN3K\V5HY
/HWW

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